Artificial control of gene expression is an important approach for dissecting gene functions. Several useful tools such as antisense oligonucleotides and ribozymes have been developed to achieve effective and specific suppression of gene functions. 1) However, recent intensive studies have convincingly demonstrated that double-stranded RNA (dsRNA)-mediated gene silencing, termed RNA interference (RNAi), is more potent for suppressing gene functions in many eukaryotes, including plants. 2, 3) Although several methods for inducing RNAi in plants have been developed so far, 3) no method with both effectiveness and simplicity (like a transient method frequently used in mammalian cultured cells) has been reported. To facilitate functional genomics in the model plants such as Arabidopsis thaliana, development of an alternative method for inducing RNAi in plant cells is important. We have been attempting to develop a simple and effective system for inducing RNAi in plant cells, and recently reported that introduction of in vitro-prepared dsRNA into Arabidopsis protoplasts with polyethylene glycol (PEG) caused effective and specific interference with transgene activity. 4) Although this method has the potential to knock down endogenous genes, its applicability to endogenous genes has not been proved. Here we show that introduction of in vitro-prepared dsRNA into Arabidopsis T87 protoplasts also leads to marked silencing of endogenous genes. We chose the phosphoribosylanthranilate transferase gene (PAT1) 5) and succinate dehydrogenase iron-sulfur subunit genes 6) as model targets, because their expressions have already been reported. An additional reason for choosing succinate dehydrogenase genes is that three genes (sdh2-1, sdh2-2, and sdh2-3) compose a small multigene family, 6) suggesting that these genes are suitable for examining whether gene-specific or simultaneous suppression is possible by exogenous dsRNA. To confirm their expressions in our conditions, real-time PCR analyses using cDNAs from T87 protoplasts were performed. Comparison of their C T values indicated that their relative expression levels to Actin2/8 (internal standard, see below) were 0.1-2.1 for PAT1, 0.3-4.0 for sdh2-1, and 0.1-2.1 for sdh2-2 (n ¼ 3; expression of sdh2-3 was not detected, see below), confirming that they are surely expressed in T87 protoplasts except for sdh2-3. dsRNAs were prepared as described previously, 4) except that the T7 RiboMAX Express RNAi System (Promega, Madison, U.S.A.) was used for in vitro transcription. The sequence of the sGFP(S65T) gene (GFP) was used as a negative control. The target regions used were as follows: PAT1 (At5g17990), coding region (CDS); sdh2-1 (At3g27380) and sdh2-2 (At5g40650), CDS and 3 0 untranslated region (3 0 UTR). Target positions were as follows (position from start codon): PAT1 (CDS), 547-647 (101 bp); sdh2-1 (3 0 UTR), 864-968 (105 bp); sdh2-2 (3 0 UTR), 852-952 (101 bp); sdh2-1 (CDS), 401-500 (100 bp); GFP, 383-485 (103 bp). The primers used to amplify DNA fragments encoding RNAi targets were as follows (underlining indicates T7 promoter): 
0 -TAATACGACTCACTATAGGGATGCCGTTCTTCT-GCTTGTC. The template DNAs used were cDNA from T87 protoplasts and CaMV35S-sGFP(S65T)-nos3 0 vector.
The Arabidopsis T87 cells were obtained from the RIKEN BioResource Center (Tsukuba, Japan), and cultured as previously described. 4) Protoplasts were isolated and transfected as previously described. 4) Typically, 4 Â 10 4 protoplasts were transfected with 10 mg of dsRNA encoding a target gene sequence, and incubated in the modified LS medium 4) supplemented with 0.4 M mannitol at 22
C under a photoperiod of 12 h. For long-term (>24 h) incubation of PAT1-suppresed protoplasts, 50 mM tryptophan was also added to the modified LS medium as described previously. 7) All transient experiments were repeated at least two times with similar results.
Total RNA was isolated with the RNeasy Plant Mini Kit (Qiagen, Valencia, U.S.A.) according to the manufacturer's instructions. DNase treatment was included in the isolation step using the RNase-Free DNase Set (Qiagen). cDNA was obtained with TaqMan Reverse Transcription Reagents (Applied Biosystems, Foster City, U.S.A.) using oligo d(T) 16 primer. Real-time PCR was performed using the GeneAmp 5700 Sequence Detection System (Applied Biosystems) according to the manufacturer's instructions. Primers were designed with the Primer Express software (version 2.0: Applied Biosystems). ACTIN 2 and ACTIN 8 (ACTIN2/8) were used as an internal standard, as described previously. 8) The sequences of the forward and reverse primers were as follows: ACTIN2/8 forward,
0 -GTTGTAGGCAAAAAAAATTCA-TCAAG. A single product was confirmed in each of the ACTIN2/8, PAT1, sdh2-1, and sdh2-2 PCRs using the dissociation protocol. The relative expression levels of RNAi target genes were calculated according to User Bulletin #2 (P/N 4303859B), provided by Applied Biosystems. We used the relative standard curve method instead of the comparative C T method, because the amplification efficiencies of RNAi target genes and ACTIN2/8 were not approximately equal in most experiments (data not shown).
We first examined the effect of dsRNA amount on the degree of gene silencing using PAT1 as a model target. When T87 protoplasts were transfected with increasing amounts of dsRNA (0.1, 0.3, 1, 3, 10, and 30 mg) encoding part of the CDS (about 100 bp), PAT1 expression decreased by 1, 14, 18, 44, 58, and 63% respectively compared with mock-transfected protoplasts (Fig. 1) . In contrast, protoplasts transfected with 30 mg of GFP-encoding dsRNA (about 100 bp) showed no obvious suppression of PAT1 (Fig. 1) . These results indicate that introduction of dsRNA into Arabidopsis protoplasts caused specific interference with PAT1 expression in a dose-dependent manner, as observed in transgene (luciferase)-targeted RNAi. 4) As shown in T87 protoplasts (4 Â 10 4 cells) were transfected with increasing amounts of dsRNA (GFP: 103 bp, PAT1: 101 bp), and incubated at 22 C for 24 h. PAT1 expressions were calculated by the relative standard curve method using ACTIN2/8 as an internal standard. Expression levels determined in the presence of dsRNA were normalized to those obtained in the absence of dsRNA (Mock). Normalized expressions less than 1 indicate sequence specific gene silencing. Error bars represent standard deviations. Fig. 1, 10 mg and 30 mg of dsRNA showed almost identical effects. Based on these observations, we used 10 mg of dsRNA in subsequent experiments.
Next we investigated the duration of RNAi against PAT1. Ten mg of dsRNA encoding part of the PAT1 CDS was introduced into T87 protoplasts, and the time course of the PAT1 expression level was investigated. As shown in Fig. 2 , the degree of gene silencing at 1, 3, 5, and 7 d after transfection was 71, 69, 52, and 38% respectively. The relatively short duration of RNAi was inconsistent with our previous report that transgenetargeted RNAi lasted two weeks in T87 protoplasts. 4) This disparity might be due to differences in RNAdirected DNA methylation 9) and/or dsRNA amplification by RNA-dependent RNA polymerase (RdRp) 10) between transgenes and endogenous genes.
Finally, we attempted to induce gene-specific and simultaneous downregulation of homologous genes using gene-specific and conserved regions as RNAi targets. We chose succinate dehydrogenase iron-sulfur subunit genes 6) as model targets. There are three homologous genes (sdh2-1, sdh2-2, and sdh2-3) in the Arabidopsis genome, but expression of sdh2-3 was not detected under our conditions (data not shown). Hence, we used sdh2-1 and sdh2-2 as RNAi targets. The target regions used were part of the 3 0 UTR and CDS, in which C for 24 h. Expressions of sdh2-1 and sdh2-2 were calculated by the relative standard curve method using ACTIN2/8 as an internal standard. Expression levels determined in the presence of dsRNA were normalized to those obtained in the absence of dsRNA (Mock). Error bars represent standard deviations.
Transient RNAi in Arabidopsis Protoplaststhe sequence identities between sdh2-1 and sdh2-2 were 32% and 96% respectively. The introduction of dsRNA encoding part of the 3 0 UTR of either sdh2-1 or sdh2-2 led to specific downregulation of the target homolog, while co-introduction of these two dsRNAs led to simultaneous suppression of the two genes (Fig. 3) . Simultaneous suppression was also observed when dsRNA encoding the sdh2-1 CDS was introduced (Fig. 3) . These results indicate that gene-specific and simultaneous downregulation can be achieved using gene-specific and highly conserved regions as RNAi targets, as observed in Torenia hybrida.
11)
In conclusion, the previously reported system for transient RNAi induction against transgenes using in vitro-prepared dsRNAs 4) has proven to be a potent technique for downregulation of endogenous genes in Arabidopsis T87 protoplasts. Effective suppression of endogenous genes was also observed in mesophyll protoplasts (data not shown). The suppression rates of endogenous genes tested thus far ranged from approximately 40 to 90% when 4 Â 10 4 T87 protoplasts were transfected with 10 mg of dsRNA. However, a spot check indicated constant suppression (>80%) of firefly luciferase, suggesting that the fluctuations in suppression rates of endogenous genes are due to variations of transfection efficiency in different experiments, but not RNAi efficiency. This suggests that transfected cells (dsRNA-introduced cells) undergo substantial suppression of endogenous genes. Consequently, this simple system should be useful for functional analysis of genes involved in fundamental processes of plant cells.
